An optical alignment-free and highly accurate method is employed to measure the magnetic field-dependent refractive index of magnetic fluid (MF) in bulk. The measured refractive index decreases significantly with the increasing magnetic strength and then tends to saturate in the high intensity range. By applying a tunable magnetic field ranging between 0 and 1661 Oe, the maximum shift of the refractive index of MF in bulk is found to be 0.0231.
Magnetic fluid (MF) is a kind of stable colloidal dispersion of ferromagnetic nano-particles in a suitable liquid carrier [1] . Because the behaviors of ferromagnetic particles in MF are dependent on the external magnetic field, MF exhibits remarkable magneto-optical properties, such as birefringence [2−7] , magnetochromatics [8, 9] , and optical transmittance [10−13] . The refractive index of MF films is also shown to be magnetic field-dependent [14−16] . The property of magnetic field-dependent refractive index of MF has promising applications in fabricating optical switches [15, 17] , tunable filters [18] , magnetic-field sensors, and other optical devices [15] . Up to date, two methods, both employing reflection technique, have been reported to measure the refractive index of magnetic fluids. In 2002, Yang et al. successfully measured the magnetic field-dependent refractive index of MF films by total reflection technique [14] . However, the method requires sophisticated instrumentation, elaborate optical alignment and complicated data processing [19] . In 2005, Pu et al. developed an optical alignment-free and highly accurate method to measure the concentration and temperature-dependent refractive indices of MF in bulk [19] . In this paper, the method proposed by Pu et al. is employed to measure the refractive indices of MF in bulk under the changing external magnetic field. Figure 1 shows the schematic diagram of the experimental setup to measure the magnetic field-dependent refractive index of MF in bulk. The magnetic fluids used here is water-based Fe 3 O 4 with the density of 1.2 g/mL. The incident light source is generated by a stabilized laser source which operates at the wavelength of 1550 nm and the room temperature is 20
• C. A 3-dB "X"-type single-mode fiber coupler is used to guide the incident light to the interface between the fiber core and MF. The magnetic fields of variable intensity are applied on MF by an electromagnet. The refractive indices of air, water and the fiber core are n air = 1.0003, n water = 1.3330, n fc = 1.46, respectively.
The detecting tip of the fiber end with a flat cleaved face is immersed into air, water and MF under magnetic fields with different intensities and the power of the reflected light is measured by the power meter under each condition. The intrinsic reflection power P 0 of the experimental system can be obtained by solving the following equation [19] P 0 = P water n fc −nair n fc +nair 2 − P air
where P air and P water are the measured power of the reflected light when the detecting tip is immersed into air and water, respectively. The refractive index of MF can be calculated from the relation below [19] n mf = 1 + 
(the absorption coefficient α mf of MF equals to 120 cm −1 and the wavelength is 1550 nm in our experiment). Given one set of measured data, two values of refractive indices of MF can be calculated from Eq. (2). (2) is larger than n fc . The second part of Eq. (2) is constantly positive. The refractive index of the water based MF sample used in our experiment is smaller than n fc , so "−" should be selected in the calculation.
Because
Using the experimental data to get P 0 first from Eq. (1) and then substituting P 0 into Eq. (2), the field-dependent refractive indices of MF can be calculated as shown in Fig. 2 , the inset of which draws the experimental data of P mf under the changing external magnetic field.
From Fig. 2 we can see that the refractive index of MF in bulk decreases significantly while the magnetic intensity increases from 0 to 1400 Oe and tends to saturate in the high intensity range. Under our experimental conditions, the magnetic field ranges between 0 and 1661 Oe, and the refractive index of MF in bulk decreases from 1.4475 to 1.4244.
Our experiments show that the refractive index of MF in bulk decreases while the magnetic intensity increases, which seems in contradiction with the results of the study by Yang et al. [14−16] . By employing total reflection method, Yang et al. measured the field-dependent refractive indices of MF films with different thicknesses. Their results show that for MF films with various thicknesses, the field-dependent refractive indices are different. However, the trend that the refractive index of MF films increases with the increasing magnetic intensity is similar for MF films with different thicknesses [15] . MF in bulk can be considered as MF films with extremely high thickness. Thus, although what we explore is the property of MF in bulk rather than that of MF in films, the difference of thicknesses between them may not convincibly explain the contradiction.
We attribute the contradiction to the magneto-electric directive effect of ferrofluid [20] . The electric susceptibility χ of ferrofluids is dependent on the magnitude of the magnetic field and on the relative direction between the electric field E and magnetic field H. When E is perpendicular to H, χ decreases with the increasing magnetic field, and when E is parallel to H, χ increases with the increasing magnetic field. Since the refractive index n = √ ε r = √ 1 + χ, the changing tendency of the refractive index of MF with the increasing external magnetic field will be dependent on the relative direction between the electric field E of the light source and the external magnetic field H. In the experiments carried by Yang et al., the external magnetic field is perpendicular to the MF film and the relative direction between the magnetic field and the light in the MF film equals to the refractive angle of the refractive light from prism to the MF film, which can be found less than 45
• . But in our experiment, the light in MF is the transmitted light from the detecting fiber to the MF, and the relative direction between the magnetic field and the light in MF is around 90
• as shown in Fig. 1 . Besides, Yang et al. did not report the polarization of the light source, which also determines the relative direction between the electric field E of the light in MF and the external magnetic field H. Thus, in our experiment, the inevitable different relative directions between the electric field E of the light in MF and the external magnetic field H from those in the experiments of Yang et al. may lead to the contradiction between our results and the results by Yang et al..
In conclusion, the magnetic field-dependent refractive index of MF in bulk is measured with an optical alignment-free and highly accurate method. While the magnetic intensity increases from 0 to 1661 Oe, the refractive index of MF in bulk decreases from 1.4475 to 1.4244, with a tuning range of refractive index of 0.0231. The results lay out potential application of MF in tunable optical devices.
